Protease-sensitive Structure Needed for Infectivity of Nepovirus RNA (Accepted 4 May 1978) SUMMARY The infectivity of RNA obtained from particles of tobacco ringspot and tomato black ring viruses by treatment with phenol was inactivated on incubation with proteinase K or Pronase, whereas the infectivity of tobacco rattle virus RNA was not affected. The size distribution of molecules of tobacco ringspot virus RNA, assessed by polyacrylamide gel electrophoresis, was not altered by the protease treatments. Infectivity was abolished by treating either RNA-I or RNA-2 of tomato black ring virus with proteinase K, indicating that a protease-sensitive structure needed for infectivity is attached to each RNA species. The properties of this structure are compared to those of the proteins that are covalently bonded to the genome nucleic acids of some vertebrate and bacterial viruses.
Nepoviruses have genomes consisting of single-stranded RNA in two pieces that are both needed to produce infection. These are contained in different particles that have coats made of the same protein. The larger genome part, RNA-I, has a mol. wt. of about 2. 4 × IO °, estimated by polyacrylamide gel electrophoresis in non-denaturing conditions; the tool. wt. of the smaller part, RNA-2, ranges from I"4 × lO o to 2.1 × IO ° in different members of the group (Harrison & Murant, 1977) . In work with two nepoviruses, tobacco ringspot and potato black ringspot viruses, Salazar & Harrison (1976) found that RNA extracted from virus particles by a two-phase phenol method was much more infective than that extracted using Pronase and SDS and then treated with phenol. However, when analysed by polyacrylamide gel electrophoresis, no difference was found between preparations of potato black ringspot virus RNA made in these two ways. Moreover, no inhibitor or inactivator of infectivity was detected in RNA preparations obtained by the Pronase/SDS method, and the infectivity of Pronase/SDS-treated RNA was not restored by adding virus coat protein in the form of RNA-free particles (Salazar & Harrison, 1978) . The work reported in this paper, which was done to investigate the effect of Pronase and SDS, has provided evidence for the existence of a protease-sensitive structure that is needed for infectivity of nepovirus RNA.
Tobacco ringspot (isolate from blueberry) and tomato black ring (isolate $12) viruses were propagated in Nicotiana clevelandii. Purified preparations of virus particles were obtained as described by Murant et al. (I972) . Tobacco rattle virus (CAM isolate) was also propagated in N. clevelandii, and was purified as described by Cooper & Mayo (I972) . RNA was obtained from virus preparations by a two-phase phenol method. Virus (about z mg/ml), suspended in o'o7 M-sodium phosphate buffer, pH 7"o, was emulsified in the presence of 1% SDS with an equal volume of water-saturated phenol+m-cresol (9:I, v/v) containing o.I % 8-hydroxyquinoline. The aqueous phase was re-extracted with the phenol mixture, and the RNA was twice precipitated in 7o% ethanol at -I8 °C. It was then stored at -18 °C as a precipitate under 70 % ethanol.
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Treatment of RNA* __Jk~__ RNA-I RNA-2
C C Table I .
Effect of proteases on infectivity of nepovirus RNA
Infectivityt of RNA at (#g/ml)
;~ --458:~ * P = RNA (25 #g/ml) was incubated for 16 h at 37 °C with protease (0'2 mg/ml) in o'15 M-sodium chloride, o-oi5 M-sodium citrate (SSC) containing o'5% SDS. B = RNA was incubated at 37 °C in SSC containing o'5 % SDS. C = RNA was kept at -18 °C under 75 % ethanol. After incubation at 37 °C, RNA was precipitated at -18 °C by adding 3 vol. ethanol. The precipitates were resuspended in o'o7 M-phosphate, pH 7"o, and dilutions made in this buffer were used as inocula. Pronase (Koch-Light) and proteinase K (Boehringer) (0"4 mg/ml), dissolved in o'I5 Msodium chloride, o"o15 M-sodium citrate, pH 7"7 (SSC) containing 0"5% SDS, were incubated for 20 min at 37 °C before use. Each enzyme was then mixed with samples of virus RNA in SSC containing 0"5 % SDS and incubated as specified. After incubation the RNA was precipitated at -18 °C by adding 3 vol. ethanol. The infectivity of RNA preparations was assayed by inoculating leaves of Chenopodium amaranticolor previously dusted with corundum. Plastic gloves were worn for inoculation and leaves were wiped with muslin pads dipped once in inoculum. Lesions were counted 7 to Io days later.
Preparations of tobacco ringspot virus RNA were very infective at 2/zg/ml, but were non-infective after treatment for 16 h at 37 °C with either Pronase or proteinase K (Table I) . These effects could not be attributed to contaminating nucleases because in comparative tests the proteases had little effect on the infectivity of tobacco rattle virus RNA (Table 0. Moreover, electrophoretic analysis revealed no effect of either protease on the size distribution of tobacco ringspot virus RNA molecules (Fig. I a, b) .
Tobacco ringspot virus RNA was inactivated rapidly even when lower incubation temperatures and smaller concentrations of proteinase K were used. At 23 °C, and enzyme concentrations of 20 and 2 #g/ml, 99% inactivation occurred in about 0"4 and 2-2 h respectively (Fig. I c) .
With tomato black ring virus, tests were made to see whether both RNA species (RNAq and RNA-2) were associated with a protease-sensitive structure that is required for in- fectivity. Preparations of the two RNA species, obtained by extracting RNA from separated middle component and bottom component particles (Randles et al. I977) , were treated separately with proteinase K. Middle component particles were obtained by three cycles of sedimentation in sucrose density gradients (IO5 rain at 26ooo rev/min in IO to 5o % sucrose solution in o'o7 M-phosphate buffer, pH 7"o), followed by preparative ultracentrifugation (9o min at 64ooo rev/min) of the appropriate fractions. Bottom component particles were obtained by interposing a cycle of equilibrium sedimentation (I6 h in CsC1 solution of mean density 1.5o6 g/ml) between two cycles of density gradient sedimentation. The resulting preparations of RNA-x and RNA-2, extracted from bottom and middle component particles had little infectivity alone but were very infective when mixed. When either RNA respectively, species was treated with proteinase K, mixtures with untreated samples of the other species were non-infective (Table I) , although proteinase K-treated RNA did not inhibit infection when added to mixtures of untreated RNA-I and RNA-2. The same resuIt was obtained whether or not the proteinase K-treated samples of RNA species were deproteinized by treatment with phenol before the inoculum mixtures were prepared. The possibility was tested that RNA-~ and RNA-2 had replicated, without producing symptoms, in leaves inoculated with mixtures of untreated and proteinase-K treated RNA species. RNA was extracted, essentially as described by Kirby (I965) , from C. amaranticolor leaves inoculated I2 days previously with either proteinase K-treated RNA-I and untreated
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RNA-2 (each at I #g/ml) or untreated RNA-I and proteinase K-treated RNA-2. The mixture of RNA from the two kinds of leaf was not infective, indicating that the untreated RNA species had not replicated.
The nature of the bonding between the protease-sensitive structure and the virus RNA is not yet established. However, infectivity was not generated by mixing proteinase K-treated tobacco ringspot virus RNA (final concentration I/zg/ml) with u.v.-inactivated virus RNA (I #g/ml, exposed for I rain to radiation of 254 nm at an intensity of about 420 #W/era2). These results indicate that the protease-sensitive structure is not readily exchanged between RNA molecules and suggest that it is firmly attached, possibly covalently bonded, to the RNA.
The protease-sensitive structure may be analogous to the proteins that are covalently bonded to the 5' end of picornavirus RNA (Lee et al. 1977; Flanegan et al. I977; Sangar et al. I977) and Bacillus subtilis phage ~b29 DNA (Salas et al. 1978) . Moreover, the genome protein of phage 429 is needed for infectivity (Salas et al. 1978) although those of the picornaviruses are not (Flanegan et al. 1977; Nomoto et al. 1977; Sangar et al. I977) . The position of the protease-sensitive structures on the molecules of nepovirus RNA is not certain, but the possession by tobacco ringspot virus RNA and tomato black ring virus RNA of poly-A tracts (M. A. Mayo, H. Barker and B. D. Harrison, unpublished results), presumably at the 3' end of the molecules, suggests that the attachment may be to the 5'end. In this respect the RNA species of cowpea mosaic virus, which have poly-A at their 3' end (El Manna & Bruening, I973), may resemble those of the two nepoviruses. Klootwijk et al. (I977) failed to detect either a phosphorylated terminus or a cap of 7-methyl guanosine at the 5' end of cowpea mosaic virus RNA, and recognized the possibility that the 5' terminus might be linked to a protein. Work is in progress to determine the nature and location of the proteasesensitive structure associated with nepovirus RNA.
The effect of the protease-sensitive structure on infectivity of nepovirus RNA, and its association with both essential RNA species of tomato black ring virus, suggest it is involved in replication of virus RNA and perhaps is an essential part of a replicase complex. It might also play a role in the association of RNA with coat protein to form nucleoprotein particles, but clearly this is not its only function. To our knowledge, the results reported here are the first evidence for the occurrence of a genome protein in a plant virus.
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